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Abstract
A dedicated field experiment was conducted to investigate the response of a green reflectance continuum removal-
based optical index, called area under the curve normalized to maximal band depth between 511 nm and 557 nm 
(ANMB511–557), to light-induced transformations in xanthophyll cycle pigments of Norway spruce [Picea abies (L.) Karst] 
needles. The performance of ANMB511–557 was compared with the photochemical reflectance index (PRI) computed 
from the same leaf reflectance measurements. Needles of four crown whorls (fifth, eighth, 10th, and 15th counted 
from the top) were sampled from a 27-year-old spruce tree throughout a cloudy and a sunny day. Needle optical prop-
erties were measured together with the composition of the photosynthetic pigments to investigate their influence on 
both optical indices. Analyses of pigments showed that the needles of the examined whorls varied significantly in 
chlorophyll content and also in related pigment characteristics, such as the chlorophyll/carotenoid ratio. The inves-
tigation of the ANMB511–557 diurnal behaviour revealed that the index is able to follow the dynamic changes in the 
xanthophyll cycle independently of the actual content of foliar pigments. Nevertheless, ANMB511–557 lost the ability to 
predict the xanthophyll cycle behaviour during noon on the sunny day, when the needles were exposed to irradiance 
exceeding 1000 µmol m–2 s–1. Despite this, ANMB511–557 rendered a better performance for tracking xanthophyll cycle 
reactions than PRI. Although declining PRI values generally responded to excessive solar irradiance, they were not 
able to predict the actual de-epoxidation state in the needles examined.
Key words: Chlorophyll to carotenoid ratio, continuum removal, excessive irradiance, leaf reflectance, spectral index, 
xanthophyll cycle pigments.
Introduction
Thermal energy dissipation through the xanthophyll cycle is 
a photoprotective mechanism that was developed by plants 
to keep the delicate balance between efficient light harvest-
ing under limited irradiance and regulated energy dissipation 
under excess irradiance (Adir et  al., 2003). The xantho-
phyll cycle involves the enzymatic de-epoxidation of vio-
laxanthin (V) to zeaxanthin (Z) via antheraxanthin (A) and 
re-epoxidation of Z to V via A (Yamamoto, 1979; Demmig-
Adams and Adams, 2006). Under high irradiation, a high 
proton gradient across the thylakoid membrane promotes the 
conversion of V into Z, whereas under low light intensities or 
darkness the low thylakoid proton gradient induces the epoxi-
dation of Z into V. The photoprotective V–Z conversion low-
ers the energy level of the lowest excited singlet state below 
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that of chlorophyll a (Chl a), providing a sink for the excess 
excitation energy (Frank et al., 1994). Upon Z–Chl a enclo-
sure, excess light energy is being released in the process called 
non-photochemical quenching (NPQ) of Chl a fluorescence 
in photosystem II (PSII) (Krause and Weis, 1991). Z–Chl a 
enclosure is mediated through conformational changes in 
PSII and the co-adjacent light-harvesting antennae complex 
(LHCII), which is also induced by thylakoid acidification.
The engagement of the xanthophyll cycle in regulation 
of photosynthesis through excess light energy dissipation in 
PSII has been widely documented, for instance by Pfündel 
and Bilger (1994). Based on this finding, the photochemical 
reflectance index (PRI) was proposed as a physiologically 
based optical index responding to changes in the xanthophyll 
cycle through fluctuations in 531 nm reflectance (Gamon 
et  al., 1992). Measurements of individual leaves have dem-
onstrated a significant PRI relationship to the effective PSII 
quantum yield (ΦPSII), a fluorescence-based indicator of 
PSII light use efficiency (LUE), and also to LUE calculated 
from gas exchange measurements in leaves of several species 
(Peñuelas et al., 1995). A strong PRI reduction was observed 
simultaneously with severe LUE reduction during midday 
in long-living and slow-growing evergreens having a higher 
maximal capacity for flexible thermal dissipation due to the 
possession of a higher VAZ pigment pool size (Peñuelas 
et al., 1995; Peguero-Pina et al., 2008). On the other hand, 
several studies applying PRI at canopy level showed that the 
relationship between photosynthetic efficiency and PRI is 
inconsistent over time, probably due to the changes in foliar 
pigment content and canopy architecture (Barton and North, 
2001; Filella et al., 2004). It has been shown that the degrada-
tion of foliar chlorophylls generally reduces PRI as a result 
of the relative reflectance increase at 570 nm (Moran et al., 
2000; Sims and Gamon, 2002; Nakaji et al., 2006). This PRI 
dependency on foliage chlorophyll content and on the chlo-
rophyll/carotenoid ratio (Chl a+b/Car x+c) was eventually 
used to track seasonal alterations in photosynthetic activity 
(Stylinski et al., 2002; Filella et al., 2009).
A potential use of continuum-removed reflectance of green 
wavelengths for tracking the xanthophyll cycle dynamics was 
tested in previous laboratory experiments with Norway spruce 
seedlings (Kováč et  al., 2012). The spectral index named 
area under the curve normalized to maximal band depth 
(ANMB) (Malenovský et  al., 2006b) was calculated from 
leaf reflectance spectra between 510 nm and 555 nm (bor-
ders of the wavelength interval ±3 nm). ANMB was found 
to follow alterations in the leaf xanthophyll de-epoxidation 
state (DEPS), while staying insensitive to the actual content 
of foliar pigments (i.e. total chlorophylls, Chl a+b/Car x+c 
ratio, and VAZ pool size). These results were obtained from 
the analysis of >200 spruce needle reflectance measurements 
recorded after the acclimation of spruce seedlings to con-
trolled pre-defined microclimatic conditions inside laboratory 
growth chambers.
The main objective of this study is, therefore, to explore the 
behaviour of the ANMB index in the case of mature Norway 
spruce [Picea abies (L.) Karst.] trees that are exposed to com-
plex outdoor environmental conditions and forced to adapt 
quickly to different diurnal irradiation regimes. The field 
experiment focuses on investigating the relationship between 
the xanthophyll cycle dynamics and both ANMB and PRI 
under uncontrolled varying natural illumination conditions 
of a cloudy and a sunny day.
Materials and methods
Plant material and experimental design
The experiment was conducted in the forest stand located at the 
Experimental ecological site Bílý Kříž (Beskydy Mountains, 49°33’N, 
18°32’E, northeast of the Czech Republic, 908 m a.s.l.). The experi-
mental forest stand of 6.2 ha was planted in 1981 with 4-year-old 
seedlings of P. abies (L.) Karst. on a slope ranging from 11 ° to 16 ° 
with south southwest exposure. The stand density was, at the time 
of the experiment, ~1430 trees ha–1, with the hemi-surface leaf area 
index (LAI) equal to 9.5 m2 m–2 with a standard deviation (SD) of 
±0.27 m2 m–2. The mean tree height was 13.4 m (SD ±0.1 m).
The measurements were performed on two days in July 2008 
with different sky conditions: a prevailingly cloudy and a sunny day 
(Fig. 1). During the first measurement day, the diffuse to total irra-
diation ratio (DI; diffuse index) was mostly >0.7, whereas during the 
sunny periods of the second day it was <0.3 (Fig. 1B). The average 
microclimatic conditions during the 3 d preceding the measurements 
were similar to those on the measurement day (data not shown). 
Additionally, rather heavy rain was falling for those 3 d prior to the 
measurements on the cloudy day (total 3 d precipitation of 73 mm), 
whereas it was not raining for 4 d prior to the measurements on the 
sunny day.
Needles of different types and age classes with south southwest 
orientation were selected for the measurements: from the fifth whorl 
(counted from the apex top of the tree), 1-year-old shoots; from the 
eighth and 10th whorl, 2-year-old shoots; and from the 15th whorl, 
shoots older than 2 years. The measurement of the needle samples 
was performed four times throughout the day, namely approximately 
at dawn (D; ~05:00 h GMT+1), morning (M; ~08:00 h GMT+1), 
noon (N; ~13:00 h GMT+1), and afternoon (A; ~18:00 h GMT+1). 
Parts of the needle samples removed from the tree were measured 
for their optical properties and the other parts were stored in liquid 
nitrogen for the laboratory pigment analysis. In an effort to capture 
the investigated daily dynamics as accurately as possible, the needle 
optical properties were measured immediately after removing the 
shoots from the tree. Arranging the needles in the carrier for the 
optical property measurements took ~5 min. All measurements were 
completed within 10 min after removing the needles from the shoot. 
Previous laboratory tests showed no significant change in DEPS of 
spruce needles within 10 min after their detachment from the shoot 
(unpublished data). Therefore, the processing time is considered to 
be short enough to prevent any significant change in the leaf xantho-
phyll composition. Needles collected for the pigment analysis were 
weighed and their projected area was acquired using a digital table 
scanner. To readapt to the irradiation conditions before their col-
lection, for the following 10 min they were exposed to irradiation of 
the same intensity as recorded during the in situ measurement with 
a LI-190 (Li-Cor, Lincoln, NE, USA) quantum sensor (Fig. 1C, D). 
Light-adapted needles were stored frozen in liquid nitrogen until 
they were processed for pigment analysis in the laboratory.
Reflectance measurements
Since coniferous leaves are small and narrow objects, Daughtry’s 
method described in Mesarch et al. (1999) and adjusted for narrow 
and short Norway spruce needles by Malenovský et al. (2006a) was 
applied to measure the leaf optical properties. The determination 
of spruce needle reflectance was based on the comparison of the 
total sample reflectance flux (RTOTAL) against the reflectance of a 
BaSO4 reference panel (RREF), both measured separately inside an 
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integrating sphere LI-1800–12 (Li-Cor) coupled with a field spec-
troradiometer ASD FieldSpec-3 (ASD Inc., Colorado, USA). The 
spruce needle directional-hemispherical reflectance (R) between 
400 nm and 1100 nm, with a wavelength interval of 1 nm, was calcu-
lated according to the equation:
 R
R
1 GF
REF
=
/
−
RTOTAL
 (1)
where GF is the gap fraction; that is, the fraction of the air gaps 
between the needles of the sample measured in reflectance mode. To 
obtain the GF of illuminated needles, the sample holder with needles 
inside was placed in a conventional double lamp table scanner and 
an image of area illuminated during the reflectance measurement 
was acquired. The determination of the GF was done by dividing 
the number of pixels of all the gaps between the needles by the num-
ber of pixels of the illuminated area in an image processing software. 
The scanned needles were not used for any further analysis. The GF 
values of the measured samples ranged from 0.2 to 0.3. Finally, the 
PRI was calculated from the leaf reflectance (Rλ) of two wavelengths 
(λ ~531 nm and 570 nm) as PRI = (R531–R570)/(R531+R570).
Optical index ANMB511–557
The ANMB depth between 511 nm and 557 nm (ANMB511–557) is an 
optical index based on the mathematical transformation of reflec-
tance features called continuum removal (Kokaly and Clark, 1999; 
Broge and Leblanc, 2001). The detailed description of ANMB index 
design can be found in Malenovský et al. (2006b) and recently also 
in Kováč et al. (2012). The ANMB511–557 calculation consists of two 
consecutive steps. In the first, the area under curve of continuum-
removed reflectance between 511 nm and 557 nm (AUC511–557) is cal-
culated according to the equation:
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where RCR(λi) and RCR(λi+1) are the continuum-removed reflectance 
values of the spectral bands at the wavelengths λi and λi+1 located 
within the spectral interval 511–557 nm (spectral resolution of 
1 nm), and n is the number of spectral bands, which is, in this case, 
equal to 47.
In the second step, the ANMB511–557 index is computed as the ratio 
of AUC511–557 and a maximal band depth of the continuum-removed 
reflectance between 511 nm and 557 nm (MBD511–557):
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The reflectance of the selected wavebands is influenced by conver-
sion of the xanthophyll cycle pigments, which was first detected and 
reported as leaf reflectance fluctuation at 526 nm by Gamon et al. 
(1997). Making use of several bands of the green spectral region 
combined within the ANMB511–557 index was found to be yet another 
efficient way to retrieve information on the rate of xanthophyll de-
epoxidation (Kováč et al., 2012).
Foliar pigment analysis
The light-adapted needle samples, transported frozen in liquid nitro-
gen to the laboratory, were homogenized in 80% acetone with a small 
amount of MgCO3, and centrifuged (480 rpm) at room temperature 
for 3 min. The contents of Chl a, Chl b, and total carotenoids (Car 
x+c) in the supernatant were determined spectrophotometrically 
(UV/VIS 550, Unicam, Cambridge, UK) from absorbances meas-
ured at 470, 646.8, 663.2, and 750 nm according to the equations 
presented by Lichtenthaler (1987). Chl a+b and Car x+c contents 
were expressed per unit needle area that was estimated via scanned 
digital images of samples analysed by the Cernota software (Kalina 
and Slovák, 2004). The relative amounts of the xanthophyll cycle 
pigments, antheraxanthin (A), violaxanthin (V), and zeaxanthin 
(Z), were obtained from HPLC pigment analyses (Kurasová et al., 
2003). The conversion factors for contents of the individual carot-
enoids (i.e. the pool of the xanthophyll cycle pigments; VAZ) and 
Fig. 1. Diurnal course of (A) photosynthetic photon flux density (PPFD) during the investigated cloudy and sunny days as recorded by 
the quantum sensor LI-190SA placed above the canopy, and (B) diffuse index (DI). The means (dots) and standard deviations (error 
bars) of 30 min intervals are presented. Light environment at the level of the fifth (W5), eighth (W8), 10th (W10) and 15th (W15) whorls 
during the time of measurement on the (C) cloudy day and (D) sunny day as recorded by the LI-190SA sensor. Presented as mean and 
standard deviations of three measurements performed.
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chlorophylls were applied according to Färber and Jahns (1998). 
The conversion state of the xanthophyll cycle pigments (i.e. de-
epoxidation state; DEPS) was calculated according to Gilmore and 
Björkman (1994) as:
 DEPS=[A+Z]/[V+A+Z] (4)
Statistical data analysis
Statistically significant differences of means were tested using a two-
sample F-test for variances, followed by a Student’s t-test with the 
level of significance P < 0.05. Based on the results of the F-test, a 
t-test, assuming either equal or unequal variances, was applied.
The determination coefficient (R2) was computed to express the 
percentage variation of a dependent variable explained by an estab-
lished regression to the independent variable. The significance of the 
statistical model was tested at probability levels P < 0.05, P < 0.01, 
and P < 0.001, using analysis of variance (ANOVA).
All calculations and tests were conducted in the R mathematical–
statistical programming environment (R Development Core Team, 
2010).
Results and Discussion
Composition of photosynthetic pigments in needle 
samples during the sunny and cloudy day
Plant material collected from each level of the spruce crown 
differed in the morphometric parameter specific leaf area 
(SLA). On both experimental days, the highest SLA values 
were observed for needles of the 10th whorl, and the low-
est for needles of the fifth and the eighth whorls (Fig. 2A; P 
< 0.05).
The total chlorophyll content (Chl a+b) in needles col-
lected from each crown level during the sunny and cloudy day 
varied within the range shown in Fig. 2B. Chl a+b of  the fifth 
and eighth whorl sampled on the sunny day was on average 
~0.05 g m–2 higher than Chl a+b examined on the cloudy day 
(P  <  0.05). This difference increased the Chl a+b/Car x+c 
ratio in needles of the fifth whorl on the sunny day (Fig. 2D; 
P < 0.05), whereas the Chl a+b/Car x+c ratio in needles of 
the eighth whorl remained within the original range of the 
cloudy day. Similarly, needles from mostly shaded lower levels 
of the crown (10th and 15th whorl) did not exhibit significant 
Chl a+b/Car x+c differences between both experimental days 
(Fig. 2D). Their Chl a+b/Car x+c ratios are consistent with 
the previous finding of Sarijeva et al. (2007) suggesting that 
the Chl a+b/Car x+c ratio of shaded leaves is higher due to 
possession of a greater amount of LHCII.
The pool size of the xanthophyll cycle pigments (VAZ) 
clearly follows the sun to shade crown gradient, being larger 
in sunlit and smaller in shaded leaves (Fig. 2C; P < 0.05). The 
statistically significant difference highlights the importance 
of the xanthophyll cycle for photoprotection in each partic-
ular needle type (Demmig-Adams, 1998). In sunlit needles, 
VAZ/Chl a+b is similar for needles sampled on the sunny day 
despite the increase in Chl a+b. Although not statistically dif-
ferent, the VAZ pool in needles of the fifth whorl increased 
slightly on the sunny day compared with the pool on the 
cloudy day.
Dynamic conversions of the xanthophyll cycle 
pigments during the cloudy and sunny day
At dawn (D) of both days, the needle DEPS of all whorls 
was nearly the same, namely ~15% (Fig. 3). As expected and 
observed previously (Demmig-Adams et  al., 1999), zeax-
anthin reached the maximal conversional state during noon 
under both sky conditions. The highest conversional rate of 
xanthophyll cycle pigments was found on the sunny day in 
sunlit needles of the fifth and eighth whorl (Fig. 3B). In this 
Fig. 2. Difference in (A) specific leaf area (SLA), (B) amount of chlorophyll a+b per unit leaf area, (C) content of xanthophyll cycle 
pigments (VAZ) per total amount of chlorophylls, and (D) ratio of total chlorophylls to total carotenoids (Chl a+b/Car x+c) in needles 
within each examined level (whorls W5, W8, W10, and W15) of spruce crowns. Values presented show the means ±SD (vertical bars) 
of data measured during the cloudy day (left column) and the sunny day (right column). Data followed by the same letter indicate a non-
significant statistical difference (P > 0.05; Student’s t-test) (n=20).
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part of the crown, DEPS in the morning (M) of the sunny day 
reached values of ~60–70%. DEPS between 70% and 75% was 
peaking at noon (N) under the irradiance of ~1000 µmol m–2 
s–1. In the late afternoon (A), the DEPS dropped down to 25% 
and 45% in needles of the fifth and eighth whorl, respectively.
A relatively low noon DEPS of 39.3% in needles of the 
fifth whorl after a relatively clear sky window between 09:30 h 
and 11:30 h on the cloudy day (Fig. 1A) is comparable with 
a morning DEPS of 34.1% (Fig.  3A). The DEPS did not 
increase significantly or quickly relaxed close to the morn-
ing state. Either way, it did not persist at a high level as usu-
ally observed after a high solar illumination in conditions of 
an additional stress, such as intensive drought (Baraldi et al., 
2008). This suggests that during the present experiment the 
examined tree was not stressed by any other environmental 
factor except high irradiance. At noon on the cloudy day, the 
DEPS of 56% in needles of the eighth whorl (Fig. 3A) was 
accompanied by possession of a low pool of VAZ pigments. 
In this particular case, the Chl a+b of  eighth whorl needles 
was 2% lower compared with that in fifth whorl needles, and 
the VAZ/Chl a+b ratio of fifth whorl needles was 12% higher 
(P < 0.05) than that in needles of the eighth whorl. Finally, 
for both days, the DEPS diurnal patterns of 10th and 15th 
whorl needles were similar to that observed in sunlit needles 
of the fifth and eight whorls, but with a lower VAZ conver-
sional state (Fig. 3).
Photochemical reflectance index (PRI)
Mean reflectance spectra collected for needles of all four 
whorls investigated during both experimental days are shown 
in Fig.  4. Standard error bars indicate the reflectance vari-
ability at wavelengths of 550 nm and 800 nm. The shape and 
amplitude of the needle reflectance signatures indicate sys-
tematic changes in foliar pigments and also in geometrical 
and structural needle characteristics as previously observed 
by Malenovský et al. (2006a). Even though pigment analyses 
were not performed on plant material used for optical meas-
urements, the causal correspondence that can be observed 
between the visible and near infrared reflectance in Fig.  4 
and pigment content and SLA measurements in Fig. 2 dis-
plays a good representation of spectral signatures for each 
crown level.
Diurnal courses of the PRI index computed from needle 
directional-hemispherical reflectance of the four investigated 
whorls acquired during the cloudy and sunny day are shown 
in Fig. 5. PRI values are positive in most cases, which is in 
accordance with the results reviewed in Garbulsky et  al. 
(2011). Negative PRI values were typically reported for leaves 
under strong light stress, which induces photoprotective reac-
tions resulting in low LUE. In the present experiment these 
would be needles of the fifth and eighth whorl in late morn-
ing, noon, and afternoon on the sunny day. PRI was, however, 
Fig. 3. Diurnal changes in the de-epoxidation state of xanthophyll cycle pigments (DEPS) in needles from the fifth, eighth, 10th, and 
15th whorl (W) on (A) the cloudy day and (B) the sunny day. Means (columns) and standard deviations (vertical bars) are presented (n=5). 
Data followed by the same letter indicate statistically non-significant differences (P > 0.05; Student’s t-test).
Fig. 4. Reflectance spectra of spruce needle samples measured 
during both experimental days within each crown level. The 
curve indicates the mean of 24 needle measurements performed 
for each whorl during both days; error bars indicate two-sided 
standard deviations in reflectance at 550 nm and 800 nm.
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reaching negative values only for needles of the eighth whorl 
at noon; for the remaining needle samples it was close to 
zero, but positive. Also, expected daily changes in PRI due 
to the increasing solar irradiation are not obvious (Fig.  5). 
This can be explained by the fact that PRI values are not 
functionally dependent only on xanthophyll de-epoxidation, 
but also on the actual pool of carotenoids and chlorophylls 
(Sims and Gamon, 2002). Results in Fig. 6 show that the PRI 
values obtained are in general lower for foliage experiencing 
a stronger light with the photosynthetic photon flux density 
(PPFD) reaching or exceeding 1000 µmol m–2 s–1 (i.e. fifth and 
eighth whorl on the sunny day) and having a lower Chl a+b/
Car x+c ratio (Cheng et  al., 2012). Higher PRI values can 
indicate either medium DEPS combined with a lower Chl 
a+b/Car x+c ratio or low DEPS combined with a higher Chl 
a+b/Car x+c ratio (compare Figs 3 and 6). Consequently, the 
interpretation of the PRI values measured under a PPFD 
of <300 µmol m–2 s–1 (i.e. all whorls on the cloudy day and 
the 10th and 15th whorl on the sunny day; Fig. 1) is ambigu-
ous due to the differences in pigment content. This ambigu-
ity may also explain an insignificant regression relationship 
that was observed between the PRI and DEPS measurements 
(results not shown).
ANMB511–557 index
ANMB511–557 was designed as the ratio of the area under the 
continuum-removed reflectance between 511 nm and 557 nm 
(AUC511–557) and the depth of this feature (MBD511–557) 
(Equation 3). Although AUC511–557 carries valuable infor-
mation about reflectance losses caused by xanthophyll de-
epoxidation, it is also influenced by the fluctuation of green 
reflectance due to the varying chlorophyll pigment compo-
sition and mass (Fig. 4). Consequently AUC511–557 and also 
MBD511–557 do not exhibit a strong dependence on DEPS 
(Fig. 7), but being shaped by similar driving forces their ratio 
Fig. 5. Diurnal course of the PRI index calculated from needle reflectance measurements on needles from the fifth, eighth, 10th, and 
15th whorl during the cloudy and sunny day. Each dot represents the mean of three measurements performed per whorl and time, and 
vertical bars show ±SD. D, dawn; M, morning; N, noon; and A, afternoon.
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is able to eliminate the undesirable influence of chlorophyll 
and to emphasize a tiny xanthophyll de-epoxidation signal 
carried by AUC511–557. Figure 8 clearly shows the systematic 
difference between AUC511–557 normalized by MBD511–557 for 
DEPS equal to 13.5, 34.1, and 71.6%. The main advantage 
of the ANMB method is in avoidance of the reflectance at 
570 nm, which has been identified as the cause of PRI insta-
bility by Moran et al. (2000) and later by Nakaji et al. (2006). 
As illustrated in Fig.  6, the PRI values are dependent on 
differences in leaf Chl a+b and Car x+c pigment pools; the 
amount of chlorophyll determines the reflectance amplitude 
at 570 nm.
Diurnal changes of  the ANMB511–557 index during both 
experimental days are displayed in Fig.  9. Graphs shows 
that the ANMB511–557 values of  the fifth, eighth, and 10th 
whorl needles follow the alterations in xanthophyll DEPS 
(Fig.  3) during the cloudy day as well as do those of  the 
10th whorl needles sampled on the sunny day. Needles of 
the 15th whorl, however, do not show the diurnal pattern of 
ANMB511–557 following temporal changes in DEPS, which 
might be caused by their low content of  xanthophyll cycle 
pigments (VAZ) in general (see Fig. 2C). Similarly, no rela-
tionship to DEPS was found for the needles of  the fifth 
and eight whorls on the sunny day due to the strong out-
lying deviation in ANMB511–557 diurnal behaviour observed 
at noon.
These results confirm, in general, previous findings show-
ing the ability of  the ANMB index to assess the dynamics 
of  the xanthophyll cycle in needles of  spruce seedlings kept 
under controlled and systematically varied environmental 
conditions (Kováč et al., 2012). In contrast to this laboratory 
study, the ANMB511–557 field measurements deviate from the 
expected diurnal course in the case of  sunlit needles (the fifth 
and eighth whorls) during noon of  the sunny day. Although 
the PPFD of  both experiments reached up to 1000 µmol m–2 
s–1 (Fig.  1D), the field ANMB values suddenly increased 
due to the unexpected drop in MBD511–557. At this stage, an 
explanantion for this mismatched ANMB behaviour cannot 
be found. Based on the findings of  previous studies (Nichol 
et al., 2000), it is assumed that other physiological processes 
regulating the plant’s photosynthetic capacity, for exam-
ple non-assimilatory electron transport (Munekaga et  al., 
Fig. 6. Relationship between PRI values retrieved from 12 
reflectance measurements of the four investigated crown whorls 
(fifth, eighth, 10th, and 15th whorl from the crown top) and 
Chl a+b/Car x+c ratios of these needles as averaged from 20 
measurements conducted on the cloudy and sunny day. Error 
bars indicate the measurement standard deviation.
Fig. 7. Relationship between the de-epoxidation state of xanthophyll cycle pigments (DEPS) and area under the curve (AUC) and 
maximal band depth (MBD) of continuum-removed reflectance of the fifth and eighth whorl needles (A and B, n=42) and the 10th 
whorl needles (C and D, n=24) between 511 nm and 557 nm. Data for the 15th whorl are not shown due to insufficient sensitivity of the 
ANMB511–557 index to DEPS.
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2004) or photorespiration (Kangasjarvi et  al., 2012), may 
interfere with the indicative ability of  ANMB511–557. The 
fact that the cause is at this point unknown suggests that 
follow-up experiments focusing on plant physiological dif-
ferences between both experiments are needed to investigate 
this phenomenon.
Fig. 8. (A) Area under the curve (AUC) of continuum-removed reflectance of Norway spruce needles between 511 nm and 557 nm 
normalized to maximal band depth (MBD) of AUC511–557. (B) Normalized area under continuum-removed reflectance of two needle 
samples with de-epoxidation state of xanthophyll cycle pigments (DEPS) equal to 34.1% and 71.6%, respectively, subtracted from the 
needle sample with DEPS of 13.5%.
Fig. 9. Diurnal course of the ANMB511–557 index calculated from the reflectance measured of needles from the fifth, eighth, 10th, and 
15th whorl during the cloudy and the sunny day. Each dot represents the mean of three measurements performed per whorl and time. 
Vertical bars show ±SD. D, dawn; M, morning; N, noon; and A, afternoon.
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Significance of the ANMB511–557 relationship to 
xanthophyll changes
Despite the fact that most of the needle ANMB511–557 and 
DEPS measurements do share similar diurnal patterns, a lin-
ear regression between ANMB511–557 and DEPS of the fifth, 
eighth, and 10th whorl needles was found to be insignificant. 
Statistically significant negative regressions were found only for 
values of the first two whorls corresponding to DEPS between 
13% and 72% (i.e. between low and moderate PPFDs; meas-
urements acquired at noon of the sunny day were excluded), 
the coefficient of the determination R2=0.61 (P  <  0.001), 
and, of the 10th whorl, the coefficient of the determination 
equal to 0.63 (P < 0.05, Fig. 10). The fact that these signifi-
cant dependencies were found in needles with a considerable 
variability in Chl a+b and Chl a+b/Car x+c (Fig. 2) suggests 
that ANMB511–557 is independent of the apparent content of 
foliar pigments. On the other hand, it was noticed that an 
increase in ANMB511–557 of needles from the eighth whorl on 
the cloudy day corresponds to the increase in sample SLA 
(compare Fig. 2A with Fig. 9). An explanation for this cor-
relation can be found in reflectance measurements, which were 
corrected for the air gap fraction between measured needles. 
This correction is less accurate in the case of small sized and 
strongly arched spruce needles (i.e. low SLA). Therefore, sta-
tistically higher SLA for the needles from the 10th whorl com-
pared with the needles of the fifth and eighth whorls might 
be the reason why the ANMB511–557 values originating from 
different crown levels are not comparable, even though they 
correspond to a similar DEPS. The influence of SLA on leaf 
ANMB511–557 of broadleaf plants and coniferous species with 
long bifacial needles (e.g. pines) is expected to be negligible. 
Finally, it is acknowledged that the extension of the sampling 
scheme used here, that would ensure full representation of the 
canopy heterogeneity, might help to clarify the inconsistencies 
found between the optical indices and DEPS.
Perspective of the introduced ANMB511–557 index
The experiment suggests that PRI may not be the most effi-
cient diurnal indicator of xanthophyll cycle photoprotection. 
The variations of Chl a+b/Car x+c in needles measured are 
discussed as the possible cause of low PRI performance in 
tracking DEPS of each crown level examined. A number of 
studies also indicated that canopy PRI is dependent upon 
sensor viewing geometry (Hilker et  al., 2008; Middleton 
et al., 2009). PRI values are higher when more shaded foli-
age with a higher Chl a+b/Car x+c ratio and less soil con-
tamination is being observed (Cheng et al., 2010). Taking into 
account only sunlit leaves leads to an underestimation of can-
opy PRI, relative to the actual photosynthesis performance 
(Goerner et al., 2011). Realizing that combining information 
from strongly photosynthetically down-regulated sunlit foli-
age and less down-regulated shaded foliage is essential for 
correct canopy PRI interpretation, Hilker et al. (2010) inves-
tigated PRI dependency on sensor viewing geometry and 
proposed a multiangular observation algorithm estimating 
the LUE across different biomes. Although Malenovský et al. 
(2013) recently demonstrated the independence of a contin-
uum removal-based optical index from the canopy leaf area 
index, the newly proposed ANMB511–557 index computed for 
vegetation canopies observed under different sensor viewing 
angles will need a similar treatment. Nevertheless, as it is not 
sensitive to the changes in the composition of Chl a+b and 
Car x+c pigments, the ANMB511–557 index is expected to pro-
vide more accurate estimation of the actual stress response 
to solar irradiation at the canopy scale. The first step in this 
direction should be improvement of the index performance 
for irradiances with PPFD >1000 µmol m–2 s–1. The second 
step should take ANMB511–557 through a multicriterion sen-
sitivity analysis investigating its applicability for canopies of 
different structural complexity and for airborne and space-
borne observations of different spectral, spatial, and tempo-
ral specifications.
Conclusions
In this study the performance of  a new spectroscopy indica-
tor for a rapid assessment of  the xanthophyll cycle state of 
plant leaves was investigated in the field; that means, under 
natural environmental conditions. The results demonstrate 
the possibility to track the xanthophyll de-epoxidation reac-
tions in Norway spruce needles using the leaf  reflectance 
continuum removal optical index termed ANMB511–557. 
Fig. 10. Dependency between mean values of ANMB511–557 and DEPS in (A) needles of the fifth and eighth whorl together (n=14) (noon 
collections displayed as triangles were excluded from R2 computation) and (B) needles of the 10th whorl (n=8). Average values ±SD of 
the vegetation indices were calculated from three leaf reflectance signatures, and average DEPS values ±SD were calculated from five 
samples measured during the measurement cycle in the diurnal course.
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Among all examined leaf  characteristics, differences in the 
chlorophyll content and the Chl a+b/Car x+c ratio varied 
most significantly when comparing sun- and shade-adapted 
needles. None of  them was, however, found to disturb 
the indicative ability of  ANMB511–557. The analysis of  the 
ANMB511–557 dependence on DEPS proved that the index 
can follow the photoprotective xanthophyll changes in plant 
leaves during a cloudy day. ANMB511–557 was, however, 
unable to capture the decreasing DEPS trend that occurred 
at noon on the sunny day (i.e. under the actual irradiation 
above 1000 µmol m–2 s–1). This ANMB511–557 deviation has 
not been explained, but it is expected to be associated with 
an enhanced need for plant intensive photoprotection. The 
observed spectral deviation in ANMB511–557 diurnal behav-
iour may affect the current concept of  deriving LUE from 
reflectance data in general (Garbulsky et  al., 2011), and 
should therefore be further investigated. Also, the improve-
ment of  ANMB511–557 performance and its potential use for 
estimating leaf  or even canopy LUE remain the objective of 
follow-up studies.
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